Articles
W
hen we look at the surface of a water body, we see a tiny part of a habitat that covers the majority of the Earth, yet the water surface is little studied and its significance is largely unknown to biologists. It not only represents the barrier between water and air but also accumulates organic matter, supports dense communities of organisms, and receives high levels of solar radiation. The barrier has two sides, and scientists recognize both the air-water interface (air side) and the water-air interface (water side).
The air-water interface often appears dusty, and many particles, plant parts, and animal bodies become trapped here. Terrestrial animals venture out on the air-water interface to feed but must not become wetted or they will fall through, just like many particles that deposit on, or are blown on, the surface. Other animals move actively across the barrier: some birds and mammals dive into the water, and some aquatic animals jump clear of the water for short periods. In this article, our focus is on the water-air interface and the surface film of matter that accumulates here from the water below.
Characteristics of the water-air interface
The most obvious feature of the water-air interface is surface tension created by the hydrogen bonding of water molecules. This tension supports particles and the organisms of the air-water interface, and it also allows organisms to attach to the water surface from below.
We are all familiar with surface water movements (e.g., waves, ripples, and currents), but a human observer looking at the water surface cannot perceive the movements occurring at small scales. The apparent serenity of a lake surface on a windless day (figure 1) belies the turbulence of this interface at the molecular level. Using gas kinetic theory for pure water (with equilibrium at 20 degrees Celsius), it is predicted that 1.2 × 10 22 molecules arrive and depart from each square centimeter (cm 2 ) of water every second. Taking the area of a water molecule to be 10 angstroms squared, it follows that a single molecule occupies the interface for about 1 × 10 -7 second. The development of powerful computers has allowed simulation of molecular dynamics at a water-gas interface, and using this approach, Kuo and Mundy (2004) have shown that the interface is much more reactive than the bulk phase.
The water-air interface accumulates hydrophobic organic chemicals that arise from within the water body or from materials carried to the water surface by winds, air currents, and precipitation. Two models for the arrangement of these chemicals have been developed (Maki and Hermansson 1994) . One model suggests that many compounds assemble in a gel-like state, and this replicates the idea that many materials originating from living organisms are arranged into gels within water bodies, constantly assembling and dispersing according to physical conditions (Chin et al. 1998 ). The other model visualizes the chemicals being organized into strata, with a very thin lipid layer (the most hydrophobic) overlying a layer of proteins and polysaccharides (less hydrophobic). Both models show microorganisms to be abundant just below the surface, and this has been demonstrated by sampling; the surface of the water is enriched compared with bulk water (Walker and Merritt 1993 , Maki and Hermansson 1994 , Münster et al. 1998 . Although direct analysis of the natural water-air interface in situ remains beyond current technology, sophisticated optical methods have been applied in the laboratory to natural surface material self-assembled ex situ. No uniform structure of these materials has been revealed (Kozarac et al. 2000) .
Characteristics of the surface film
The term surface film is used to describe the complex of organic chemicals and microorganisms that aggregate at the water-air interface and extend a few micrometers (µm) from the surface into the bulk water. Of these microorganisms, bacteria are likely to have characteristics that suit conditions at the interface, and distinct strains may be adapted to life here (Dahlberg et al. 1997) . The behavior of microorganisms that inhabit the water-air interface must accommodate the molecular instability of this interface while exploiting its macroscopic properties (e.g., surface tension) for attachment and locomotion.
Surface films are found everywhere, although their extent varies from location to location. They are typical of productive zones such as the margins of lakes and the waters around marine coasts, but they are found even between ice floes in arctic waters (Knulst et al. 2003) . At first it may appear that this is an unlikely location, but sea ice contains many channels, in which there are often abundant algae and bacteria (Thomas and Dieckmann 2002) that are likely to spread, with their by-products, to the water-air interface. It is likely that surface films are less well developed in tropical oceans, as these are often poor in nutrients and therefore in biological production. However, films are present to some degree, just as they are on nutrient-poor lakes. Although surface films are very thin, it should be stressed that they cover huge areas. A highly conservative estimate of their volume worldwide is 3.3 × 10 8 cubic meters (m 3 ).
Surface films vary in thickness and may form visible slicks during calm conditions (figure 2), supporting threedimensional colonies of bacteria that resemble the biofilms characteristic of benthic substrata. As Sutherland (2001) states, "biofilms may develop in an enormous number of environments, and...the structural intricacies of any single biofilm formed under any specific set of parameters may well be unique to that single environment and microflora" (p. 3). It is to be expected that surface films are different in duration and structure to those on solid substrata, but they are likely to play a similarly important role in the biology of water bodies. Although the water-air interface is enriched with organic matter and with microorganisms, it has not been regarded previously as a biofilm (microbial colonies embedded within a matrix of exopolymers) like those that are familiar on solid surfaces (Lock et al. 1984 , Costerton et al. 1994 . Solid surfaces allow for the structural integrity of benthic biofilms, whereas films forming at the water-air interface are more loosely associated and are subject to the disruption that occurs here. Many bacteria produce large quantities of exopolymers for attachment and defense (Decho 1990) , and myxobacteria secrete them for gliding locomotion (figure 3a, 3b). Cyanobacteria and single-celled algae that exude carbohydrate produced in excess during photosynthesis also contribute to the matrix of exopolymer. Surface films are likely to be as heterogeneous as benthic biofilms (Wimpenny et al. 2000) , with different "founder" colonies arriving by chance to form associations that vary greatly in their structure and complexity (figure 4).
Only small-scale water movements are needed for surface film to become entangled as a slick. In addition to their role as reservoirs for the surface film community, slicks have a suppressant effect on ripples and other small-scale water movements.
Energy and organic matter flux between surface, bulk water, and benthic substratum Benthic-pelagic coupling refers to the passage of organic matter from the substratum to bulk water and the sedimentation from the water column to the bed of water bodies. Traditionally, the focus of research on benthic-pelagic coupling has been on the cycling of organic nutrients (Graf 1992) , but recent attention has focused on the movements of organisms between the substratum and bulk water, and on their life cycles (Marcus and Boero 1998, Raffaelli et al. 2003) . No attention has been given to events at the water-air interface, except for light transmission and gas exchange. This is understandable if one views a water body in cross section, but the thin film is highly dynamic and plays an important role in the metabolism of surface waters. We should really refer to benthic-pelagic-surface coupling, all three regions having strong interactions. In considering the surface as a compartment separate from bulk water in our models, we focus on unique events that occur here. It is clear, however, that the extent of coupling will be related to the depth of the water body. Whereas shallow lakes and ponds have close coupling between the three components, larger water bodies have close coupling between the surface and the pelagic compartment but a great distance to the benthic substratum.
Surface films are exposed to unshaded solar radiation and physicochemical interactions at the water-air interface (e.g., chemical folding, compression and splitting, heating and volatility) that are likely to be intense. Despite these apparently harsh conditions, a community of organisms thrives in the surface film, and this community is exploited by the other, temporary visitors to the interface. A summary of surface film processes is given in figure 5 . Solar radiation. On average, the solar radiation reaching the Earth is 168 watts per m 2 (IPCC 2001) , and that which is not reflected from the surface, or absorbed by land, is available to enter water bodies. Resultant warming of the water surface by solar radiation increases the rate of metabolism of organisms, and this is likely to promote the increased turnover of organic matter. Photochemical changes also occur in organic molecules, especially those changes driven by ultraviolet (UV) light, and these include the splitting of long-chain compounds into shorter ones (Kieber et al. 1989 ) that are taken up by bacteria (Wetzel et al. 1995) . This organic matter is utilized by bacteria for growth, together with other labile compounds present within the film, some of which result from bacterial enzyme activity. Solar radiation also carries disadvantages for the microbial community inhabiting the surface film. For example, not all breakdown products from UV photolysis of complex organic molecules are utilized, and some may be toxic to bacteria (Bertilsson and Widenfalk 2002) . Ultraviolet light, important in driving photolytic reactions, also harms living organisms, and can kill. Studies with engineered bacteria have shown that an alginate biofilm offers considerable protection from UV radiation (Elasri and Miller 1999) , and the accretions of bacterial exopolymers may provide protective screening for organisms within the water column.
The harshness of conditions at the water surface prompts the question of whether the microorganisms found here are specialists or generalists. There is evidence for a functional distinction between bacteria in surface film and those in bulk water. Studies in North American lakes (Jones et al. 1991) revealed an enrichment of heterotrophic, gram-negative bacteria at the surface that were distinct in their pigmentation and in their resistance to heavy metals and antibiotics. These remained distinct from the bacteria in bulk water in spite of interchange between the surface film and the bulk water due to bubble transport and recreational disturbance.
Of the bacteria known to inhabit the surface film, perhaps the most remarkable is Nevskia ramosa, which is sensitive to UV radiation but exhibits a very effective photorepair mechanism. The DNA of Nevskia has an unusually high guanosine and cytosine content of more than 67%, which might reduce the radiation damage to DNA caused by thymidine dimer formation. In laboratory experiments, Nevskia left the water-air interface and grew in the bulk water if cultures were provided with nitrate, amino acids, or ammonia. It is suggested that Nevskia grows at the water-air interface to trap ammonia from the air (Stürmeyer et al. 1998 ).
We will gain a clearer insight into the community of microorganisms inhabiting the surface film by using cultivationindependent methods. In situ hybridization using specific libraries of ribosomal RNA probes has proved successful in this regard (Glöckner et al. 1998 ) and may become the method of choice.
Movements of microorganisms and protozoons. Some light is trapped during photosynthesis by surface film algae and cyanobacteria. This releases oxygen while converting carbon dioxide into organic matter. Some of this organic matter is available for uptake by bacteria, following secretion as an exudate from the living photosynthetic organisms, and these exudates may be attractive to bacteria. Many bacteria communicate with each other by quorum sensing, and it is known that motile genera migrate to patches of enriched nutrients, located through concentration gradients (Blackburn et al. 1998 ). This chemotaxis allows bacteria to assemble and establish biofilms, maintained by quorum sensing (Davies et al. 1998) . Protozoons also use chemotactic cues (Fenchel and Blackburn 1999 ) to feed on bacteria, and we know that cili- ates, flagellates, and amoebae are enriched at the surface film (Maki and Hermansson 1994) .
The bacteria-feeding ciliate Oxytricha bifaria associates preferentially with slicks, where bacteria become highly concentrated as surface film coalesces. This ciliate maintains a physical association with these rich local food resources by adopting particular patterns of creeping behavior in response to differences it can perceive in the substratum (Ricci et al. 1991) . Other protozoons swim to the surface, are carried to the surface by currents, float there using gas vacuoles (Ogden 1991) , or move from adjacent substrata (figure 5). Once docked at the water-air interface, all protozoons capable of substratum-associated motility (amoebae, some ciliates) are likely to establish the locomotory phenotype and move about there (Guthrie 1989 , Ricci et al. 1991 , Preston et al. 2001 , Preston and King 2003 . There is evidence that the amoeba Acanthamoeba (figure 6a) is influenced by gradients of potential signal chemicals produced by bacteria (Schuster and Levandowsky 1996) . Among the substances shown to act as positive chemotactic factors for Acanthamoeba are bacterial lipopolysaccharides (Schuster and Levandowsky 1996) . Given the rich bacterial flora that assembles at the water surface, accumulated lipopolysaccharides should be an abundant component of the surface film and thus attract colonizing amoebae. Passive transport in the plane of the surface film may also occur. This is important for gliding and crawling protozoons. For example, an amoeba, with a cell cycle of 8 hours, moving under its own power in a straight line at an average speed of 1 µm per second, would only travel about 3 cm in its lifetime. The passive drift of amoebae on slicks enables them to traverse much greater distances at zero energy cost, while keeping them in contact with potentially good food supplies.
A priori, we predict that the complex microarchitecture of the surface film offers an excellent locomotory substratum (analogous to moist agar) for gliding and crawling microor- ganisms and protozoons. Interestingly, many of these, or their very close relatives, are found characteristically in or on benthic biofilms, and their movements are very similar in both habitats-they may perceive the surface film to have identical characteristics to benthic biofilms. Although surface biofilms are temporary in human terms, the life cycle of individual bacteria and many protozoons is short (minutes or hours) and mostly within the duration of the film over which they move.
When conditions become adverse, organisms that can swim move away from the surface, and others, like Nevskia, fall through the water, sometimes after encysting. The movement of organisms within the water column, up to the surface and down to the substratum, is thus a dynamic process. This is confirmed by the identification of amoebae from the surface film of ponds (Acanthamoeba spp., Naegleria sp., Vannella spp., and Hartmannella sp.) (figures 6a, 6b), many of which are also characteristic of soils. In contrast, deep-sea benthic organisms are very unlikely to be found at the water surface, as they are adapted to life at high pressure and would have to travel huge distances.
To a protozoon associated with or attached to it, the water-air interface represents a flatland of infinite expanse. It is the closest natural equivalent to the planar surface of microscope slides, cover slips, and petri dishes used traditionally for the in vitro study of the crawling, creeping, and gliding of these organisms. This parallel is drawn closer by the finding that the traction behavior of amoebae both at the water-glass and at the water-air interface is governed by electrostatic forces (Preston 2003, Preston and King 2003) . Hence, the ventral surface of an amoeba crawling on either of these substrata becomes more strongly attached to it as the cation concentration of the ambient electrolyte is increased, or its pH reduced. These effects are fully reversible. Furthermore, calculation shows that the forces of traction exerted by a moving amoeba are smaller by several orders of magnitude than the surface tension of a water-air interface. The standard locomotory phenotype expressed by an amoeba on a planar solid surface is thus suited perfectly for attachment to, and progression on, a water-air interface. We have observed this on many occasions ( figure 6a, 6b) .
In addition to amoebae and bacterivorous browsing ciliates, small heterotrophic flagellates are associated with the aquatic surface film and often occur there in large numbers. Some of these flagellates (e.g., Rhynchomonas) make temporary attachments to the water-air interface by means of a posterior trailing flagellum (figure 6b) while grazing the biofilm. These flagellates are poor swimmers in the bulk water and are associated characteristically with benthic biofilms. They are also associated with laboratory-made "marine snow" aggregates (Artolozaga et al. 1997 ) and so may be colonizers of any surface. Small flagellates may play a significant role in benthic-pelagic-surface coupling.
Feeding by invertebrates. Some invertebrates live temporarily at the water surface (Guthrie 1989) , usually while feeding.
For example, some snails move about the surface, supported by surface tension, and the movements of their mouths show them to be feeding here. The active community of microorganisms and protozoons in the surface film, and the abundant organic matter present, must provide an excellent source of nutrition. Anopheline mosquito larvae are well adapted to a life attached to the interface. They swim through the water but have hydrophobic hairs that enable them to attach parallel to the water surface, with the breathing siphon extending to the air. Anopheles larvae (figure 7) feed using mouth brushes that pull material from the surface film to the mouth for ingestion (Merritt et al. 1992) , and the material that is not ingested passes in a downward plume into the bulk water, thus transferring material away from the surface (figure 5). In experiments, anopheline mosquito larvae have been shown to grow well on naturally occurring surface film and the abundant bacteria it contains (Wotton et al. 1997) . The larvae produce near-spherical fecal pellets that sink though the water column (figure 5), transferring surface organic matter to the bulk water and onward to the benthic substratum of ponds (another example of benthic-pelagic-surface coupling). Anopheline larvae are characteristic of organically rich ponds, and emerging adult female flies then acquire the blood meal needed before maturation of eggs. Their bloodsucking activities can result in the transmission of malaria parasites, and malaria is so named (meaning "bad air") because the disease is associated with the smell of decaying organic matter rising from enriched surface films on ponds. It is tempting to suggest that malaria would not be a major killer of humans if there were not abundant surface film to ensure the larval growth and survival of its vectors.
Fecal pellets from animals that live at the water surface are likely to contain many hydrophobic compounds that are useful in the nutrition of animals living in the water column or on benthic substrata, if the pellets reach that far (Wotton and Malmqvist 2001) . Pellets may also be exported to lake outlet streams, where they form part of the diet of suspension feeders, animals that are known also to ingest surface film directly when discharge from the lake is in a thin film draining from its surface (Wotton 1982) .
Aggregates, bubbles, and coatings. Surface films are constantly disrupted by wind action, so air bubbles are extremely common in surface waters. Studies on oceans have shown that colloidal and other organic matter adsorbs to the surface of bubbles and results in aggregates after the bubbles break, or after dissolution of the gas. Aggregation increases microbial activity (Kepkay and Johnson 1989) and thus enhances the mineralization of organic matter. Aggregates arising from bubbles become further aggregated, and this is a feature of the surface of water bodies after strong winds subside. Dense flocs (flocculent masses formed by the aggregation of fine suspended particles) often form into windrows (parallel lines of spume on the surface of water) that also include flocs generated by impaction of organic matter within the water column and brought to the surface by local water circulation. Like other forms of slick, windrows probably act as reservoirs for the surface film community. When the flocs disperse, so will the biological community associated with them.
Some of the aggregates produced at the surface become added to those formed within the water column (figure 5). As we saw when discussing benthic-pelagic-surface coupling, these contribute to the downward flux that is so important in contributing nutrients to the regions of oceans and deep lakes that have no light (Wotton 1994) . Disturbance at the surface created by breaking bubbles, or by direct wind action, also generates droplets of water that are carried as aerosols, so that surface film is dispersed away from the water body where it originated. Such aerosols can remove significant amounts of organic matter from the surface (Söder-gren 1979), and we have observed that bacteria and protozoons are also transmitted in this way.
Surface coatings are not limited to bubbles and aerosol droplets. All particles that pass across the air-water interface are likely to collect some surface film (figure 5). This inoculation may begin the process of breakdown of organic matter that enters lakes, rivers, and coastal zones from terrestrial sources.
Human pathogens and pollutants in the surface film
Anyone working in natural water bodies, especially lakes and ponds, should be aware of the health hazards posed by surface films. Some bacteria and amoebae found there are pathogenic, and some amoebae serve as the vectors of other pathogens (AbuKwaik et al. 1998) . Of the protozoons, Acanthamoeba is enriched in the surface film compared with the bulk water and, indeed, needs the substratum of the water-air interface to move (Preston et al. 2001) . Some species of Acanthamoeba cause damage to eyes and are responsible for the keratitis of which soft contact lens users are warned. Some of these amoebae also cause serious infections of the central nervous system, as does Naegleria fowleri (Martinez and Visvesvara 1997) . Acanthamoeba and other amoebae ingest bacteria, and the behavior of these protozoons is altered by the presence of food bacteria. The ingestion of pathogenic bacteria by protozoons is significant, as it increases the virulence of the bacteria (Atlas 1999, Brown and Barker 1999) , and their infectivity is increased markedly after they have been grown in amoebae.
Anyone swimming in a natural pond or lake is moving through the surface film, and film components are likely to stick to swimmers, just as they do to samplers (Preston 2003 , Henk 2004 and to any material that passes across the film. Contact of the surface film with the eyes or with the lining of the nose is an obvious means of transmission for pathogens (Martinez and Visvesvara 1997) , especially those, like Acanthamoeba, that require a substratum on which to move. This is probably a common source of infections and is likely to increase when the water warms. Warming water not only encourages bathers but also increases growth of pathogens (Martinez and Visvesvara 1997) .
Aerosols, generated from the surface film, allow the transmission of pathogens over considerable distances. Although it awaits detailed examination, it is likely that surface film aerosols transmit many pathogenic organisms (Singh and McFeters 1992) . As these organisms are likely to be enriched in the surface film, this could be a significant source of infection. Legionella is known to inhabit the surface waters of ponds and of tanks connected to cooling systems, and Brown and Barker (1999) suggest that Legionnaires' disease "has resulted from inhalation of aerosols of aggregates of microbial exopolymer, or biofilms, and amoebae-containing L. pneumophila." It is known that the inhalation of Legionella species associated with amoebae is a major mode of transmission in Legionnaires' disease (Allen et al. 1998) , and Legionella-like amoeba pathogens are probably a significant cause of human respiratory disease (Boman et al. 1998) . Given that bacterial virulence is increased after ingestion by protozoons, this mode of transmission has added significance.
In addition to these biotic hazards, surface films are also sites where pollutants are concentrated (Maki and Hermansson 1994) , a feature of significance both to humans and to the aquatic biota. Toxic pollutants become concentrated and available both to the surface film community and to organisms that capture materials originating in the film (or becoming coated in film). Pollution by oil produces a deep and toxic surface film. Left on the water surface, this film is eventually broken down by wind and wave action, and also by the digestive action of microorganisms, in processes like those that occur in natural surface films.
Concluding comments
Currently, there is a multidisciplinary interest in the laboratory study of the organization and behavior of films of known chemical composition at the water-air interface (e.g., Taylor et al. 2000) . Specialized spectroscopic and microscopic techniques will help in gaining information on the in situ structure of surface films and thence the biological communities that are intimately linked with them. With these studies, and those of microbiologists, we should acquire a greater knowledge of these very important habitats. Certainly, scientists cannot continue to overlook surface films on water bodies.
